Broadcast fertilization with an array of amendments was investigated for its capacity to stimulate growth and enhance nutrition of a three-year-old Jeffrey pine (Pinus jeffreyi Grev. & Balf.) plantation growing on an acidic Sierra Nevada surface mine. Four formulations that differed in N source, duration of release, and the suite of nutrients provided were evaluated, with each applied using four rates. Free Flow 29-3-4, a conventional amendment featuring urea as its near exclusive N source, and High N 22-4-6, a controlled release formulation containing ammoniacal, nitrate, and urea N, were the most stimulatory while an organic formulation relying exclusively on a municipal biosolid N source, Milorganite 6-2-0, was the least so. The lowest application rates employed were inadequate while the most advantageous was not the highest rate for any formulation. Foliar analysis revealed that improved N nutrition was probably critical in the favorable growth responses to fertilization, that of P was a likely contributor, and amelioration of potential Mn toxicity may have assumed an accessory role.
Introduction
Reforestation of infertile sites presents a conundrum for natural resource managers. If the stunting of planted seedlings that frequently results from shortages of critical nutrients is to be averted, it is necessary to devise a nutritional augmentation approach that can rectify the soil deficiencies. Perhaps the most convenient time to implement such an approach is as the seedlings are being planted, but fertilization at planting with conventional amendments has been viewed with skepticism due to a tendency to induce mortality [1] [2] [3] [4] [5] [6] . Use of controlled release formulations at planting appears to be somewhat more promising [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] , with the metering of nutrient release over a prolonged period the likely explanation for their relatively benign impact on survival. Nevertheless, it is not altogether clear that increasing the availability of critical nutrients at a stage when the seedlings are undergoing transplant shock that is immediately followed by further acclimation to an environment generally less hospitable than that in the nursery will yield the maximum growth benefit. Conceivably, delaying fertilization until seedlings are well established on the outplanting site may ultimately prove to be more stimulatory, if less convenient, but questions remain about how long to delay, the application approach, the type and formulation of amendment, and the amount to apply. As for the timing, a delay of sufficient duration to be reasonably assured that fertilization will not impinge on survival would appear prudent, but not so long that malnourishment produces irreversible stunting, and, as for the application approach, it is reasonable to assume that some form of topdressing should be employed, but questions arise concerning the necessity of subsequent tillage of the amendment beneath the soil surface. Regarding the amendment type, choices now extend beyond conventional and controlled release fertilizers to include organic forms, and, for each, the appropriate formulation will likely depend on seedling species as well as soil characteristics. The most advantageous application rate will reflect amendment type and formulation as well as seedling and soil characteristics and may also depend in part on such climatic factors as precipitation regime and ambient temperatures during the growing season.
Harsh sites such as surface mines, which are often infertile [18, 19] , may pose additional challenges for reforestation programs regardless of whether the objective is to establish a vegetative cover for purposes of site stabilization or a tree 2 International Journal of Forestry Research stand for future harvest of wood fiber. In some cases, they feature substrates lacking in organic matter [20, 21] , which not only contributes to infertility but also diminishes water retention and the tilth that more productive soils exhibit [18, 19, 22, 23] . In others, their soils contain elevated levels of potentially phytotoxic metals [24] [25] [26] [27] . Fertilization at planting has sometimes been found to reduce concentrations of several metallic elements as well as increase the uptake of critical nutrients on surface mined sites [16, 17] . If seedling fertilization that is delayed until establishment is assured is to be considered as a means to rectify nutrient deficiencies on harsh sites like surface mines, the capacity to also ameliorate phytotoxicities would frequently constitute a highly desirable ancillary benefit.
Reported here are the results from an investigation of the growth and nutritional responses of Jeffrey pine seedlings on an eastern Sierra Nevada surface mine site to fertilization at the onset of the fourth growing season after outplanting with an assortment of amendments, including conventional, controlled release, and organic formulations, each administered using multiple rates reflecting the chemical composition of the fertilizer. Foliar analysis was employed to provide a physiological interpretation of the responses to treatment regarding alleviation of nutritional deficiencies and potential phytotoxicities.
Methods

Study Site.
An inactive, open-pit sulfur mine at an elevation of 2200 m in the eastern Sierra Nevada provided the study site (38 • 42 .50 N, 119
• 39.25 W). Excavation ceased in 1962, but while active, overburden placement outside the pit produced a mine complex of approximately 100 ha. Spoil materials are derived from hydrothermally altered volcanic rock, mostly andesites, and the mine soil is predominantly porous silica with small amounts of montmorillonite clays [25] . The average annual precipitation in the immediate vicinity of the mine is 50 cm and consists primarily of snowfall. Undisturbed forest stands adjacent to the mine complex indicate that Jeffrey pine was predominant at the study site prior to excavation with California white fir (Abies concolor var. lowiana [Gord.] Lemm.) and Sierra lodgepole pine (Pinus contorta var. murrayana [Grev. & Balf.] Engelm.) of lesser prevalence. At present, the vegetative cover is sparse and consists primarily of Jeffrey pine established through natural recolonization near the mine periphery and scattered plantings that created small plantations of varying age.
A Jeffrey pine plantation established three years prior to this investigation on a level spoil bench of approximately 0.6 ha was chosen for the study. The planting stock consisted of 2-0 bare-root seedlings (Alpine County, Calif, seed source) grown using conventional methods by the USDA Forest Service Placerville Nursery (Camino, Calif). Plantation spacing was 1.0 m within rows and 2.0 m between rows.
To characterize the mine soil prior to treatment, five soil subsamples were collected at a depth of 0-30 cm from the vicinity of each corner of the bench and from that of its center and combined into one composite sample per location for a total of five composite samples. The composite samples were air-dried for 30 days, sieved to pass a no. 10 (2.0 mm opening) screen, and analyzed as follows: texture by the hydrometer method; organic matter by loss on ignition; pH by glass electrode on a 1 : 1 mixture (by weight) of soil and distilled water; total N by macro-Kjeldahl digestion; P (Bray 1) colorimetrically after extraction with NH 4 F and HCl; K, Ca, Mg, and S by inductively coupled plasma (ICP) spectroscopy after extraction with NH 4 The coarse texture and near absence of organic matter in this mine soil, coupled with the sparse growing season precipitation, suggest that moisture stress imposes a limitation on growth sufficient to compromise the success of nutritional augmentation. Furthermore, compared to routine eastern Sierran forest soils occupied by Jeffrey pine [13, 30, 31] , it is more acidic and lower in N and P but higher in all of the other elements included in the analyses, with the disparities of sufficient magnitude for both nutritional deficiencies and phytotoxicities to be of concern in reforestation efforts.
Study Installation.
Immediately following soil sample collection, 85 plots were delineated for the study, with each consisting of 10 consecutive seedlings within a single plantation row. One of 17 treatments was then assigned to each of five randomly selected plots, creating a completely randomized experimental design. The treatments consisted of administering one of four amendment formulations using one of four application rates per formulation plus a nonfertilized control. The formulations were as follows: Viking Brand 21-7-14 Royale fertilizer (Hydro Agri North America, Inc., Tampa, Fla), Free Flow 29-3-4 Poly-S fertilizer (Free Flow Fertilizer, Maumee, Ohio), High N 22-4-6 + Minors controlled release fertilizer (Scotts Company, Marysville, Ohio), and Milorganite Greens Grade 6-2-0 + Iron organic fertilizer (Milwaukee Metropolitan Sewerage District, Milwaukee, Wis). Amounts of individual nutrients supplied by each formulation appear in Table 1 , with N indicated by source. Application rates for the first three formulations were 25 g, 50 g, 75 g, and 100 g per seedling while those for the latter formulation were 100 g, 200 g, 300 g, and 400 g. The fertilizers were applied in April by surface broadcasting, without tillage into the soil, in a 0.5 m diameter circle centered at the seedling base.
Growth Measurements.
Initial measurements of seedling height and stem diameter at the ground line were made at fertilization, with subsequent measurements completed at the conclusion of the second posttreatment growing season and then again at the conclusion of the fourth growing season thereafter. These dimension measurements were used to calculate an estimate of shoot volume by the formula of Ruehle et al. [32] . For dimension measurements and volume estimates, relative growth was calculated after the second posttreatment season based on seedling size at fertilization (seasons 0-2), after the fourth posttreatment season based on seedling size at the conclusion of the second season (seasons 2-4), and after the fourth season based on seedling size at fertilization (seasons 0-4). By accommodating differences in initial size, these relative growth calculations provide a more accurate assessment of early, late, and overall growth responses to treatment, respectively. Concurrent with field measurements of height and diameter, an assessment of seedling survival within each of the 85 plots was conducted to gauge treatment impacts on mortality.
Foliar Analysis.
Current-year needle subsamples were collected from each seedling in every plot during the fourth week of July in the second and fourth posttreatment growing seasons and combined into composite samples segregated by plot and season. The needles were approximately 80% elongated when collected. All samples were dried at 75
• C for 24 hours, ground to pass a 20-mesh (850 μm opening) screen, and then analyzed for total N using a Leco Model FP428 N Analyzer (LECO Corp., St. Joseph, Mich) and for P, K, Ca, Mg, S, Fe, Mn, Zn, Cu, B, and Al by ICP spectroscopy after wet ashing with HNO 3 and HClO 4 [33] .
Statistical Analysis.
Relative growth data concerned with seasons 0-2 and 2-4 plus all nutritional data derived from this completely randomized experiment were subjected to repeated measures, mixed model analysis of variance (ANOVA) with five replications of each of 17 treatments. This analysis incorporated the compound symmetry covariance structure, and effects of treatment and season, along with their interaction, were considered significant only when P ≤ .05 according to the F test. Growth data concerned with seasons 0-4 were subjected to one-way ANOVA, again with five replications of each of 17 treatments, and here also treatment effects were considered significant when P ≤ .05. Differences among means were evaluated using the least significant difference (LSD) test with α = .05. All statistical analyses were accomplished using the Statistical Analysis System (SAS Institute, Inc., Cary, NC). In the presentation of results that follows, P values are included in the text when the treatment, season, or interaction effect proved significant as determined through ANOVA, while the mean separation analysis embodied in the LSD test was relied upon to provide insight into the influences of individual amendment formulations and application rates.
Results
Growth Responses.
At fertilization, differences among treatments in seedling height and diameter were nonsignificant according to the LSD test (Table 2) . Overall, the average height was 23.7 cm initially, and the average diameter was 10.8 mm. Above-ground volume was greater initially in seedlings fertilized with the Viking formulation applied at the 25 g rate than in those receiving 100 g of the Free Flow amendment, with all other treatments assuming intermediate values that did not differ statistically according to the LSD test from the former or the latter. The average seedling volume at fertilization was 36.5 cm 3 overall. For the duration of the study, mortality was entirely absent in every seedling plot regardless of treatment.
Repeated measures ANOVA revealed a significant fertilization treatment influence (P = .0495) on the relative growth in seedling height (Table 2 ). For seasons 0-2, differences among treatments identified as significant by the LSD test consisted of those between the 50 g application of the High N formulation, the highest overall value numerically, and 25 g of Free Flow, 300 g of Milorganite, and the nonfertilized control, with the latter producing the lowest overall numerical value. During seasons 2-4, the 50 g rate of the Free Flow amendment, which produced the highest numerical value, plus the 75 g rate of the Viking and High N formulations along with the 100 g rate of the Viking, Free Flow, and High N amendments all proved to be more stimulatory than the nonfertilized control according to this test, with the latter again producing the lowest numerical value overall. Additionally, the 50 g application of Free Flow produced significantly greater relative height growth in seasons 2-4 than the lowest rates of any of the four formulations as well as the 200 g application of Milorganite. One-way ANOVA also revealed a significant treatment effect on relative height growth for seasons 0-4 (P = .0498), with the 50 g High N application, which produced the highest numerical value, along with 50 g of Free Flow inducing significantly greater growth than the control according to the LSD test. For relative growth in stem diameter, repeated measures ANOVA revealed the season of measurement (P < .0001) along with the fertilization treatment effect (P = .0472) to be significant ( Table 2 ). The former reflects that relative growth in this dimension declined from seasons 0-2 to seasons 2-4 regardless of treatment. As for the latter, the LSD test revealed that, for seasons 0-2, 75 g of the Viking formulation, which yielded the highest value numerically, along with the 50 g and 75 g applications of Free Flow differed significantly from the nonfertilized treatment, which yielded the lowest value overall. For seasons 2-4, however, 50 g of Free Flow as well as 75 g and 100 g of High N produced growth rates exceeding those of the 200 g application of Milorganite and the nonfertilized control, with the latter again yielding the lowest numerical value. Furthermore, the 50 g application of the Free Flow amendment and 75 g of High N produced values exceeding those resulting from the 25 g and 50 g applications of the Viking formulation, the 25 g application of Free Flow, and the 300 g application of Milorganite. As for seasons 0-4, a significant treatment effect on relative diameter growth identified by one-way ANOVA (P = .0488) was accompanied by disparities according to the LSD test between the 50 g Free Flow treatment, which induced the greatest growth numerically, along with the 75 g applications of the Viking and High N amendments, and the control treatment.
Regarding relative growth in seedling volume, repeated measures ANOVA again revealed that the season of measurement (P < .0001) along with the fertilization treatment effect (P = .0484) was significant (Table 2) , with the former reflecting that relative volume growth also declined from seasons 0-2 to seasons 2-4 in all treatments. As for fertilization influences, the LSD test indicated that the 25 g and 75 g applications of the Viking amendment, the 50 g and 75 g applications of the Free Flow amendment, and the 50 g application of High N all produced values in seasons 0-2 significantly exceeding that of the nonfertilized control, which yielded the lowest value overall. For the same time period, 75 g of the Viking and Free Flow formulations and 50 g of High N also produced values greater than those generated by 25 g of Free Flow or either 200 g or 300 g of Milorganite. For seasons 2-4, 50 g of Free Flow, which yielded the highest value numerically, along with the 75 g and 100 g applications of High N, produced values significantly exceeding those in the nonfertilized control, which again yielded the lowest value overall, and that produced by the former also exceeded those associated with 25 g of the Viking and Free Flow formulations as well as the 100 g, 200 g, and International Journal of Forestry Research 5 300 g applications of Milorganite. A significant treatment effect on relative volume growth for seasons 0-4 was indicated by one-way ANOVA as well (P = .0492), and the LSD test identified the 50 g Free Flow treatment, which provided the highest numerical value, along with the 75 g applications of Free Flow and High N as disparate from the control, which exhibited the least growth.
Macronutrient Concentrations.
Concentrations of all of the macronutrients included in the foliar analysis were significantly affected by fertilization treatment, specifically N (P = .0113), P (P = .0009), K (P < .0001), Ca (P < .0001), Mg (P = .0329), and S (P < .0001) according to repeated measures ANOVA (Table 3) . For N only, the season of sampling was also significant (P < .0001) along with the treatment × season interaction effect (P = .0475). According to the LSD test, the N concentration in the nonfertilized treatment was exceeded by that in all other treatments during both the second and fourth posttreatment seasons. Additionally, during the second season, it was significantly higher with the 75 g application of Free Flow than with the 25 g or 50 g applications of the Viking formulation, the 25 g application of High N, or the 100 g, 200 g, or 300 g applications of Milorganite. Furthermore, it was higher with the 100 g applications of either the Viking or Free Flow formulations than with 25 g of the former, 25 g of High N, or 100 g of Milorganite, and it was higher with 75 g of the Viking amendment, 50 g of Free Flow, 100 g of High N, or 400 g of Milorganite than with 25 g of High N or 100 g of Milorganite. During the fourth season, foliar N was greater with the 100 g application of High N than with any rate of the Viking or Milorganite amendments or with 25 g or 50 g of Free Flow, and it was greater with the 75 g or 100 g applications of Free Flow and the 50 g and 75 g applications of High N than with 25 g or 50 g of the Viking formulation or the 100 g or 200 g applications of Milorganite. Except for the treatments consisting of 50 g, 75 g, or 100 g of the Viking formulation, N concentrations increased from the second to the fourth seasons, with the disparities largest overall in the High N treatments.
The P concentration in the nonfertilized treatment was exceeded by those in all other treatments during the second season according to the LSD test and was exceeded by those produced by all rates of the High N amendment, all except the 25 g rate of the Viking formulation, the 50 g and 75 g rates of Free Flow, and the 200 g rate of Milorganite during the fourth season (Table 3) . Similarly, the K concentration in the nonfertilized control was also exceeded by those in all other treatments during the second season and, for the fourth season, was exceeded by those resulting from every rate of the Viking applications except 25 g along with the 75 g rate of Free Flow, the 50 g and 75 g rates of High N, and 200 g of Milorganite. Additionally, the K concentrations associated with the 75 g application of High N and the 100 g application of Milorganite exceeded those produced by 100 g of the Viking formulation or 75 g of Free Flow during the second season.
For Ca, the foliar concentration in the nonfertilized treatment exceeded those in all other treatments during both the second and fourth seasons according to the LSD test, and, to a lesser extent, a somewhat similar pattern in the nutritional responses to treatment was evident for Mg and S (Table 3) . Specifically, the Mg concentration in the nonfertilized control during the second season exceeded those associated with every rate of the Viking amendment, every rate of Free Flow except 25 g, every rate of High N except 50 g, and the 100 g rate of Milorganite. During the fourth season, it exceeded those associated with the 75 g and 100 g applications of High N only, however. For S, the concentration in the control treatment exceeded those associated with the 50 g Viking application, all rates of Free Flow, and the 75 g and 100 g applications of High N during the second season, and, in the fourth season, it exceeded those associated with the 25 g, 75 g, and 100 g applications of the Viking formulation, all rates of Free Flow and High N, and the 100 g and 400 g applications of Milorganite. Additional significant disparities identified by the LSD test for Mg consisted of a higher concentration in the 25 g Free Flow treatment, the 50 g High N treatment, and the 200 g, 300 g, and 400 g Milorganite treatments than in the 100 g Viking treatment during the second season and a higher concentration in the 25 g Viking and 400 g Milorganite treatments than in the 100 g High N treatment during the fourth season. Additional differences in foliar S during the second season consisted of a higher concentration in the 200 g Milorganite treatment than in the 50 g Viking treatment, the 50 g, 75 g, and 100 g Free Flow treatments, and the 75 g and 100 g High N treatments plus higher concentrations in the 75 g and 100 g Viking treatments, the 50 g High N treatment, and the 300 g and 400 g Milorganite treatments than that in the 100 g Free Flow treatment. Additional S disparities during the fourth season were limited to a higher concentration in the 200 g Milorganite treatment than those found in the 100 g Free Flow and High N treatments.
Micronutrient and Al Concentrations.
As was the case for all macronutrients, concentrations of all of the micronutrients included in the foliar analysis were significantly affected by fertilization treatment, specifically Fe (P = .0385), Mn (P < .0001), Zn (P < .0001), Cu (P = .0352), and B (P = .0003) according to repeated measures ANOVA (Table 3) . For Cu only, the season of sampling was also significant (P = .0003). As indicated by the LSD test, the Fe and Mn concentrations in the nonfertilized control significantly exceeded those in all other treatments during the second season. During the fourth season, the Fe concentration in the control exceeded those in the 25 g, 75 g, and 100 g Viking treatments, all except the 25 g rate among the Free Flow treatments, the 50 g and 75 g rates of High N, and all Milorganite treatments except the 400 g rate. Additional significant differences in Fe during the fourth season consisted of a higher concentration in the 50 g Viking treatment than in the 50 g Free Flow treatment, the 75 g High N treatment, and the 100 g Milorganite treatment, higher concentrations in the 25 g Free Flow and High N treatments and the 400 g Milorganite treatment than in the 50 g Free Flow and 75 g High N treatments, and higher concentrations For Zn, the concentration in the control was also significantly greater according to the LSD test than those in all other treatments during the second season (Table 3) . Additional significant disparities during this season consisted of a concentration in the 25 g High N treatment that exceeded those in every Viking treatment except the 25 g rate, every Free Flow treatment except the 100 g rate, the remaining High N treatments except the 75 g rate, and all Milorganite treatments except the 200 g and 300 g rates plus a concentration in the 25 g Viking treatment that exceeded those in the 75 g Free Flow and 100 g Milorganite treatments. During the fourth season, the Zn concentration in the control exceeded those in the 75 g and 100 g Viking treatments, every Free Flow treatment except 75 g, every High N treatment except 25 g, and all Milorganite treatments except 400 g. Foliar Zn was also greater in the 25 g High N treatment than in the 75 g Viking treatment, 25 g and 100 g Free Flow treatments, remaining High N treatments, and every Milorganite treatment except 400 g during the fourth season. The Cu concentrations were an anomaly among the micronutrients in that not only did they increase in all but the 100 g High N treatment from the second to the fourth season, but, while the concentration in the control exceeded those in all other treatments during the fourth season, it was significantly lower than those found in the 50 g, 75 g, and 100 g Viking treatments, the 75 g and 100 g Free Flow treatments, the 25 g, 50 g, and 100 g High N treatments, and the 300 g Milorganite treatment in the second season. An additional disparity revealed for the second season was that foliar Cu was greater in the 100 g High N treatment than in the 200 g Milorganite treatment. Foliar B followed the general pattern of all of the micronutrients except Cu in that the concentration in the control exceeded that of every other treatment in the second season and exceeded those of the 50 g and 100 g Viking treatments, all Free Flow and High N treatments except the 25 g rates, and the 100 g Milorganite treatment during the fourth season.
For Al, repeated measures ANOVA revealed that the effects of both the fertilization treatment (P < .0001) and the season of sampling (P = .0081) were significant (Table 3) . During the second and fourth seasons, the concentrations in the control were significantly greater than those in all other treatments according to the LSD test, and except for the control, concentrations increased from the second to the fourth seasons.
Discussion
The four formulations incorporated into this study exemplify the marked differences in chemical composition that exist among readily available commercial fertilizers, especially concerning the forms of N they contain and the duration of nutrient release, with the latter factor dependent in part upon the former with respect to critical N nutrition. As detailed by Tisdale et al. [34] , ammoniacal and nitrate N, which constitute the two forms in the Viking formulation and serve as two of the three in High N, are water soluble and immediately plant available but the latter is especially susceptible to leaching losses. Urea, which supplies nearly all of the N in the Free Flow formulation and comprises the largest source in High N, is also water soluble but must undergo transformation to provide plant available ions and is subject to volatilization losses with surface applications. The municipal biosolid N source in Milorganite must undergo transformation to become plant available as well, but it is largely water insoluble and both leaching and volatilization losses are negligible. Regarding the duration of release, the Viking fertilizer does not meter the discharge of any nutrient it provides. However, High N releases nutrients for at least three growing seasons with subsurface application in eastern Sierra Nevada soils [35] due to resin coating of the prills, while the urea in Free Flow and High N, plus polymer and S coating of one-third of that in the former, also imparts some degree of sustained N release as does the organic form in Milorganite. Nevertheless, the rate of the transformations needed to obtain plant available N from both urea and organic N sources, and thus by extension the duration of release, can vary substantially among soils. A somewhat less prominent disparity in the composition of the four formulations used here was the supply of a near complete array of micronutrients by High N, but, given that N and P alone among essential elements were low in the mine soil, it is unlikely that this rectified any nutritional deficiencies encountered at the study site.
Despite supplying comparable amounts of the critical N and P as that of the other formulations as the result of application rates that were four times the weight, the Milorganite treatments were the only ones for which no application rate produced a relative growth rate for either the height or diameter dimension or for volume at any time during the study that exceeded those of the control treatment according to the LSD test. This indicates that, for purposes of growth stimulation of Jeffrey pine seedlings, Milorganite was the least suitable of the four amendments for use on this site. Of the three remaining formulations, the Viking amendment elicited relative growth responses exceeding those of the control less frequently than Free Flow or High N, which did so with equal frequency. Of the latter two formulations, the Free Flow amendment produced the highest overall growth rate for diameter and volume, as revealed by the results for seasons 0-4, while High N did so for height growth only. Considering early and late responses, however, most of the instances in which growth rates in the High N treatments exceeded those of the control were during seasons 2-4, while such instances in the Free Flow treatments were equally prevalent in seasons 0-2 and seasons 2-4. Therefore, it follows that the Free Flow amendment generally induced the most favorable growth response over the course of this study in its entirety while the High N formulation may have demonstrated somewhat greater potential for longer-term Given the time span inherent in growing forest trees in the temperate climatic zones which is exacerbated by low productivity sites such as surface mines, prolonged responses to fertilization are highly desirable. As for the capacity of the four application rates to induce growth rates surpassing those of the control, every rate did so for at least one of the growth variables sometime during the study with the exception of those employed for Milorganite. However, for the 25 g rate, the lone instance involved volume growth in the Viking treatment during seasons 0-2, suggesting that this rate was not sufficient to reliably elicit an acceptable level of stimulation. The 50 g rate produced growth exceeding that of the control more often than 25 g, but also most frequently in seasons 0-2 rather than seasons 2-4. Of the two remaining rates, 75 g induced relative growth surpassing that of the control most frequently among the four rates, with such responses equally divided between seasons 0-2 and 2-4, while 100 g was the most proficient among the four rates at growth enhancement during seasons 2-4. It is perhaps also noteworthy that Free Flow was the only formulation for which the 50 g rate elevated growth in all three variables during seasons 2-4, while High N required 75 g to do so, although the latter achieved this distinction with the 100 g application as well. Collectively, these results suggest that under the conditions of this study the lowest rate employed was inadequate from a growth perspective, the highest rate did not offer much advantage over the two intermediate applications, and, of the latter, the most advantageous rate was somewhat dependent upon the formulation administered. In comparison with the results of a recent study in which Jeffrey pine saplings growing on a similar site were fertilized with the same array of formulations but at rates reflecting their larger size [21] , the applications to the seedlings here produced a more favorable relative growth response overall. Perhaps more critically, in comparison to studies in which Jeffrey pine seedlings on similar sites were fertilized at planting with subsurface amendment placement in the planting holes at application rates reflecting planting stock size and using either the High N formulation employed here [36] or one of similar controlled release form and composition [17] , the overall growth responses reported here to surface application delayed until three years after plantation establishment were exemplary by a substantial margin. Furthermore, such stimulation was accomplished without impinging on seedling survival as indicated by the complete lack of mortality in this study.
Meaningful interpretation of the results of foliar analysis is dependent upon comparison of nutrient concentrations to reference standards, and those for western yellow pine of Jones et al. [37] are the most suitable for this purpose here. Among macronutrients, these standards are 1.71% for N, 0.27% for P, 0.80% for K, 0.29% for Ca, and 0.23% for Mg. Based on such comparisons, foliar N was deficient regardless of treatment throughout the study but was especially low in the nonfertilized treatment. Furthermore, among fertilized seedlings the deficiency was generally more pronounced at the lowest application rates during the second season but was somewhat less pronounced during this season in the Free Flow treatments as it was in the High N treatments during the fourth season. It is reasonable to assume that the availability and subsequent uptake of N as influenced by treatment was the primary contributor to the variability among formulations and application rates in relative growth noted previously given its low level in the mine soil and its nutritional prominence in tree growth [18, 19, 22, 38] , although on occasion N fertilization of forest tree seedlings has been found to increase foliar concentrations without stimulating growth [39] . Foliar P was also low across all treatments relative to the standard, and again especially so in the control treatment, although the disparity between the control and the fertilized seedlings was more apparent during the second than the fourth season. Nevertheless, with soil P low as well, it is probable that improved P nutrition resulting from the supply in the amendments was a contributor to the growth responses exhibited by some of the more exemplary treatments as was the case with N. These two macronutrients have been prominent in eliciting positive seedling growth responses in fertilization trials with a variety of species conducted on an array of surface mine sites [40] , although applications of P alone have not always proven to be stimulatory even when foliar P was increased as a result [41] . The third macronutrient concentration increased by fertilization was that of K, which again was more pronounced in the second than in the fourth season. However, it is probable that the K supply in the amendments played a minor role in the growth stimulation of fertilized seedlings, as foliar K was only low relative to the standard in the control treatment and only so during the second season, soil K was not deficient, and it is not altogether clear that the elevated foliar concentrations found in fertilized seedlings were solely the direct result of the supply in the amendments since K was increased in Milorganite treatments, among others, and this formulation contains no source for this nutrient. Foliar Ca concentrations exceeded the standard in the control treatment only although it did so during both the second and fourth seasons, while foliar Mg was low across all treatments during both seasons, despite the relative abundance of each of these elements in the mine soil. Nevertheless, the overall response to fertilization was a reduction in Ca and Mg concentrations, even in seedlings that received the High N formulation which contains sources of both nutrients, although this response was more pronounced for the former than the latter. This may reflect to some extent a dilution effect resulting from enhanced biomass production in fertilized seedlings [42] , as similar responses regarding these two nutrients have been previously documented in Jeffrey pine fertilization studies [14, 16, 36] although such responses do not occur universally in the seedlings of all species planted on infertile sites such as surface mines [40, 41] . A reference standard for S is not available, but, in comparison to the foliar concentration of 0.14% in nonfertilized Jeffrey pine seedlings growing on a routine reforestation site [13] , concentrations here were somewhat elevated throughout the study in all treatments, but especially so in the control. Since soil S was abundant and all formulations except Milorganite contain a source for this nutrient, the lower concentrations in fertilized seedlings of several treatments may have been another manifestation of the aforementioned dilution effect.
Despite an abundance of all of the micronutrients in the mine soil, foliar concentrations of these elements varied considerably in relation to the Jones et al. [37] However, all Mn concentrations were at least 5× the reference value during the second and fourth seasons and, in the exceptional case of the control treatment, were 20× and 13.5× the standard in the respective seasons. Conversely, Zn was somewhat low in all treatments throughout the study except for the control and the 25 g High N treatment during the fourth season, while Cu was low in all treatments during the second season but was comparable to the reference value in most during the fourth season except for the control treatment, which was considerably elevated. For B, concentrations were very high in the control, especially during the second season, while in the remaining treatments they ranged from comparable to the standard to somewhat elevated throughout the study. Considered in total, the overriding micronutrient response to fertilization in this study was a reduction in foliar concentrations, with the lone exception being that of Cu during the second season, but even this anomaly did not persist until the fourth season. It is probable, in light of the generally low concentrations found here in fertilized seedlings, that this is another manifestation of the aforementioned dilution effect to a substantial degree, and similar responses have been documented in previous fertilization studies with Jeffrey pine of various developmental stages on similar sites [16, 21, 35, 36] although such responses are not universal among forest tree seedlings planted on surface mines [40, 41] . Nevertheless, at minimum, it suggests that the Fe sources in the Free Flow and Milorganite formulations and those of all micronutrients in the High N amendment were largely inconsequential in overall seedling nutrition. Given the exceedingly high foliar Mn levels found here, however, it is possible that in this particular case fertilization alleviated a potential phytotoxicity, as this element is prominent among those known to reach toxic levels in acidic mine soils [19, [43] [44] [45] . Foliar Al was another element for which the concentration was substantially reduced by fertilization and one which is also frequently implicated in toxicities occurring on surface mined sites [25, 43, 45] . Inferences that can be drawn from the foliar concentrations found here, however, are complicated by the lack of an Al reference standard for Jeffrey pine, but, based on a comparison with that of 500 μg g −1 found in nonfertilized seedlings of this species on a routine reforestation site [13] , concentrations here were not elevated despite the high levels in the mine soil. Consequently, the case that fertilization may have alleviated Al toxicity in this study is less compelling than that for Mn.
In summary, reported here are the results from an investigation of the growth and nutritional responses in a three-year-old Jeffrey pine plantation on an eastern Sierra Nevada surface mine to fertilization with an assortment of amendments, including Viking Brand 21-7-14 and Free Flow 29-3-4, two conventional fertilizers, High N 22-4-6, a controlled release formulation, and Milorganite 6-2-0, an organic formulation, each applied at multiple rates reflecting the chemical composition of the individual amendments. Based on the relative growth measures computed in the study, amendment formulation influenced the responses to fertilization, with the Free Flow formulation, which features urea as its near sole source of N, along with the High N fertilizer, which contains ammoniacal, nitrate, and urea N sources, proving to be the most proficient in stimulating growth while Milorganite, which relies exclusively on a municipal biosolid N source, was the least stimulatory. The quantity of fertilizer administered was an obvious determinant of the strength of the growth responses to nutritional augmentation as well, with the lowest rates employed proving to be inadequate regardless of formulation while the highest was not the most advantageous rate for any formulation either. Enhanced N nutrition, as revealed through foliar analysis, and to a lesser degree that of P, probably accounted for most of the growth stimulation from fertilization, although amelioration of potential Mn toxicity may have also contributed.
